Heteronuclear RNA (hnRNA) is preferentially associated (76%) with the nuclear matrix in mammalian cells. Active mRNA, in the form of polyribosomes, is associated (> 9 7 %) with the cytoskeletal framework. In this report, we present evidence that the association of both hnRNA and m RNA with structural networks of the cell may be essential features of gene expression.
S U M M A R Y
Heteronuclear RNA (hnRNA) is preferentially associated (76%) with the nuclear matrix in mammalian cells. Active mRNA, in the form of polyribosomes, is associated (> 9 7 %) with the cytoskeletal framework. In this report, we present evidence that the association of both hnRNA and m RNA with structural networks of the cell may be essential features of gene expression.
T o study the association of polyribosomes with the cytoskeletal framework, cytochalasin D was used to release m RNA from the cytoskeletal framework. Protein synthesis was inhibited by cytochalasin D in direct proportion to the release of mRNA. The released m RNA is unaltered in its translatability as measured in vitro but is no longer translated in the cytochalasin-treated H eLa cells. The residual protein synthesis occurs on polyribosomes that are reduced in amount but display a normal sedimentation distribution. The results support the hypothesis that mRNA binding to the cytoskeletal framework is necessary, though not sufficient, for translation.
Further fractionation of the cytoskeletal framework separates nuclear constituents into three distinct protein fractions. Chromatin proteins and 94% of the D N A are released by 0-25 Mammonium sulphate after inter-nucleosomal D N A is cut with DNase I. The resulting structure retains 76 % of the hnRNA in the form of ribonucleoprotein and is designated the RNP-containing nuclear matrix. The proteins of hnRNP complex are those associated with the nucleus only if RNA is intact. These proteins and 97 % of the hnRNA are released after brief digestion with RNase A.
Visualizing the nuclear matrix using resinless sections shows that nuclear RNA plays an important role in the organization of the nuclear matrix. Electron micrographs of resinless sections show the interior of the matrix to be a three-dimensional network of thick filaments bounded by the nuclear lamina. The filaments are densely covered with 20-30 nm electron-dense particles, which may contain the hnRNA. The RNP-depleted matrix is disordered and the interior fibres aggregated. These results suggest that hnRNA is involved in the spatial organization of the interior of the nuclear matrix.
I N T R O D U C T IO N
We have developed an in situ fractionation protocol for mammalian cells that involves extraction with detergents and salt, and digestion with nuclease. This procedure is optimized to preserve cell morphology as retained by the structural elements of the cell. In the initial step, virtually all phospholipid and approximately 70% of the protein is removed from the cell by extraction in a buffer containing 0-5% Triton X-100 (Fey et al. 1984) . The resulting cytoskeletal framework is a complex structure that retains > 97 % of the polyribosomes. Considerable evidence indicates that eukaryotic polyribosomes are bound to the structural networks of the cell. Biochemical evidence for this association is largely based on detergent ex traction, which removes the soluble phase from cell structure. In these studies, polyribosomes remain bound to the detergent-isolated cell structures (Ben-Ze'ev et al. 1981; Cervera et al. 1981; Fulton et al. 1980; Howe & Hershey, 1984; Lenk & Penman, 1979; Lenk et al. 1977; van Venrooij et al. 1981) . There are mRNA molecules free in the cytoplasm but these are not translated (Cervera et al. 1981) .
Morphological studies show that the spatial distributions of polyribosomes and mRNA are not random. Polyribosomes in 3T3 cells are preferentially localized in perinuclear regions (Fulton et al. 1980) . A discrete distribution of actin, tubulin and vimentin mRNA in fibroblasts and myoblasts has been described (Singer & Ward, 1982; Lawrence & Singer, 1986) as well as a differential localization for histone and actin mRNA in the Xenopus oocyte (Jeffery, 1984) . Such topographical concen trations are difficult to envisage without an underlying, organizing structure to which the polyribosomes and mRNA can bind. Those studies using both detergent ex traction and morphological criteria found that the amount and the spatial distri bution of polyribosomes were similar before and after the extraction (Fulton et al. 1980) . It is, therefore, unlikely that the observed polyribosome binding to skeletal structures is due to extraction artifacts. Other components of the protein-synthetic apparatus, including initiation factors (Howe & Hershey, 1984) and an aminoacyltRNA synthetase complex (Mirande et al. 1985) , also appear structure-bound. Furthermore, immunofluorescence experiments have indicated the co-localization of a protein homologous to the cap binding protein with elements of the cytoskeleton (Zumbe et al. 1982; reviewed by Nielsen et al. 1983) .
This report examines the association of polyribosomes with the cytoskeletal framework using cytochalasin D (CD) to disaggregate polyribosomes and release mRNA. These data show that when mRNA is released from the cytoskeletal framework it ceases translation. Most important, the mRNA remaining on the cytoskeletal framework functions at a normal rate. In contrast, the reticulocyte, with its presumably soluble protein-synthetic system, shows no sensitivity to the drug.
When the cytoskeletal framework is further fractionated using ionic detergents, D Nase I and ammonium sulphate, the resulting structure is called the ribonucleoprotein (RNP)-containing nuclear matrix (Fey et al. 1986) . When prepared in the presence of inhibitors of ribonuclease, the nuclear matrix, a structure composed of < 5 % of the total cellular protein, is obtained in association with 76 % of the hnRNA.
The distribution of hnRNA in the nucleus was first examined by Bernhard using E D T A regressive staining. These studies suggested that non-nucleolar fibrillogranular RNP domains existed throughout the interchromatinic regions of the nucleus (Bernhard, 1969; Bernhard & Granboulan, 1963; Moneron & Bernhard, 1969; Puvion & Bernhard, 1975; Swift, 1963) . High-resolution autoradiography showed labelled nuclear RNA in these fibrillogranular domains (Fakan & Bernhard, 1971; Fakan et al. 1976; Nash et al. 1975) . The data showed that perichromatinic granules and fibrils near the borders of condensed chromatin contain both nascent and steady-state RNA.
More recent studies of the nuclear matrix have largely been done on isolated nuclei. Chromatin is removed by exposure to high salt (2M-NaCl) followed by nuclease digestion (Berezney & Bucholtz, 1981; Berezney & Coffey, 1977; Brasch, 1982; Comings & Okada, 1976; Fisher et al. 1982) . These procedures produce a nuclear matrix with much of the hnRNA still bound (Jackson et al. 1981; Long et al. 1979; Miller et al. 1978; Ross et al. 1982; van Eekelen & van Venrooij, 1981) . Histones are removed in these procedures causing the chromatin to extend as DNA loops that remain firmly attached to the matrix at sites corresponding to DNA replication points (Berezney & Coffey, 1975; Jackson et al. 1984; McCready et al. 1980; Mirkovitch et al. 1984; Pardoll et al. 1980; Vogelstein et al. 1980) . Steroid receptor binding sites are found on the matrix (Barrack & Coffey, 1980; Diamond & Barrack, 1984) and some actively transcribed genes are preferentially associated with this matrix (Ciejek et al. 1983; Dyson et al. 1985; Hentzen et al. 1984; Maundrell et al. 1981; Mirkovitch et al. 1984; Nelkin et al. 1980; Robinson et al. 1982; Ross et al. 1982; Small et al. 1985) .
The procedure described here preserves several important nuclear constituents in the final preparation. In particular, the procedure retains the proteins of the hnRNP complex that are removed by extraction with 2M-salt (Beyer et al. 1977) . Several reports of an RNA constituent of non-chromatin nuclear structure have appeared (Berezney, 1980; Brasch, 1982; Comings & Okada, 1976; Gallinaro et al. 1983; Herman et al. 1978; Kish & Pederson, 1975; Narayan et al. 1967; Miller et al. 1978; Puvion & Bernhard, 1975) . This report shows that chromatin removal is possible without disrupting the RNP-filament domains and suggests that intact hnRNP filaments are essential to the organization of the nuclear matrix.
R E S U L T S

Purifying the cytoskeletal framework and the RNP-containing nuclear matrix
The fractionation protocol used to obtain both the cytoskeletal framework (C S K F ) and the RNP-containing nuclear matrix is described schematically in Fig. 1 . The procedure is generally applicable to both suspension and monolayer cells and has been described in detail (Fey et al. 1986) . Briefly, the cell is fractionated using a sequence of buffers with varied salt and detergent compositions. The C S K F is obtained after removal of Triton-soluble components, and then the nuclear matrix is obtained after further fractionation of the C S K F . Subfractions of the cell are obtained with distinct RNA and protein compositions (Fig. 1) . The fractionation also preserves aspects of cellular morphology that are displayed by structural el ements of the cell (Fig. 2) . The intact cells ( Fig. 1 A, Fig. 2A ) are first extracted with Triton X-100. This extraction removes 70% of cell proteins and almost all of the phospholipids in the 'soluble' (SO L) fraction. The polyribosomes (>97 %) remain associated with the C S K F (Fig. 3A) . Extraction with Triton X-100 removes much of the 'microtabecular lattice ' (Fig. 2A; and Wolosewick & Porter, 1979) leaving the cytoskeletal framework (Fig. 2B ). Fig. 2B shows a resinless section micrograph of a HeLa cell after phospholipids and soluble proteins have been removed. The dense trabecular lattice, seen in the intact cell ( Fig. 2A) , is no longer present. The micrograph of the C S K F (Fig. 2B ) reveals the fine structure of filament networks in the cytoplasm. In the nucleus, filaments are visible in the diffuse regions of euchromatin and are continuous with the perichromatin filaments. Some of these (1984) ). T h e T riton-soluble proteins, w hich represent 6 0 -7 0 % of th e total cellular p rotein, are rem oved leaving the cytoskeletal fram ew ork (B). Polyribosom es are quantitatively (> 9 7 %) associated w ith the cytoskeletal fram ew ork (C S K F ). T h e polyribosom es and approxim ately 2 5 % of th e cell protein are released from the C S K F by extraction w ith either 0-25 M -ammonium sulphate or a T w een 4 0 / deoxycholate-containing buffer. T h e R N P -containing nuclear m atrix (C) is obtained after digestion in lOO^tgml-1 D N ase I followed by extraction w ith 0-2 5 M-ammonium sulphate. hnR N A (76 % ) is associated w ith this nuclear m atrix stru ctu re th a t is com posed of only 5 % of th e to tal protein. Fig. 2 . T ransm issio n electron m icrographs com paring an intact H eL a nucleus and a H eL a nucleus after extraction w ith T rito n X-100. In tact cells (A) and cells extracted with T rito n X-100 (B) w ere prepared as unem bedded sections as described by F ey et al. (1986) . T h e intact cell (A ), seen in a O-Z/im section, appears as a 'm icrotrabecular' stru ctu re as described by W olosewick & P orter (1979) . T h e extracted cell (B) show s the cytoskeletal fram ew ork (cy ), the stru ctu re th a t rem ains after phospholipid and 7 0 % of the cellular pro tein is rem oved. T h e extracted cell is less dense th an the intact cell, yet virtually all the polyribosom es are retained in the cytoplasm ic netw orks and aspects of differentiated ch ro m atin organization are clearly retained in th e extracted nucleus («). A fibrillogranular netw ork (J) is observed th ro u g h o u t the extracted nucleus. I, lam ina boundary. Bar, 0-2,um .
nuclear components are shown below to correspond to R N P structures previously suggested by differential nuclear staining (Fakan & Bernhard, 1971; Fakan et al. 1976; Puvion & Bernhard, 1975) .
In the second step of the fractionation, the cytoskeletal proteins are extracted with a buffer containing Tween 40/deoxycholate or 0-25 M-ammonium sulphate. The polyribosomes and approximately 25 % of the total protein are removed from the cell scaffold after this extraction. T h is fraction has been designated the 'cytoskeleton' (C S K ) fraction. T he remaining structure is incubated in a digestion buffer con taining D N ase I, and after digestion the D N A and associated histones are matrix (Fig. 1C, Fig. 2C ), consisting of < 5 % of the total protein and 76% of the hnRNA is obtained after the chromatin.
Release of polyribosomes from the C S K F by cytochalasin D
The drug cytochalasin D (CD) was used to study the association of polyribosomes with the C S K F . Treatment of cells with CD has almost no effect on the measured protein content and composition of the C S K F . Suspension-grown HeLa cells were prelabelled with [35S]methionine, treated with CD and fractionated as described above. The soluble components are released by non-ionic detergent extraction. The resulting nuclei-containing C S K F s are further extracted with the mixed detergent, Tween-40 and deoxycholate, in low ionic strength buffer. This second extraction removes most of the C S K F proteins from the nucleus. The fraction solubilized by the mixed detergent is termed the cytoskeleton and it includes many cytoplasmic components of the C S K F , including the filamentous actin and essentially all of the cell polyribosomes (Lenk et al. 1977) . The separated nuclear fraction includes the chromatin and associated proteins, hnRNP, and the nuclear matrix (Capco et al. 1982; Fey et al. 1986 ). In accord with other reports, the intermediate filaments are retained with the isolated nucleus (Bravo et al. 1982; Capco et al. 1982; Fey et al. 1984; Fey et al. 1986; Staufenbiel & Deppert, 1982; Woodcock, 1980) .
Cytochalasin D does not alter the composition of protein fractions
The data in Table 1 show that there is no loss of total [3sS]methionine-labelled protein after treatment with cytochalasin D. Therefore, processes leading to signi ficant reduction in cell mass, such as cytoplasmic extrusion and enucleation, were not significant during the course of these experiments. The data in Table 1 further show that exposure to CD has no gross effect on the composition of the C S K fraction. Electrophoretograms of the [3sS]methionine-labelled proteins in the SO L and C S K fractions were examined by Ornelles et al. (1986) . The pattern of labelled C S K proteins obtained from cells exposed to 2 jWgmP1 CD was indistinguishable from the control. The C S K proteins obtained from cells treated with 64 fig ml-1 CD were also similar to the control though two differences were apparent at the high drug concentration. There was an apparent increase in the amount of C S K proteins migrating in the region of actin at 42-44 (X103) M t and a small reduction in proteins migrating in the lower molecular weight range, between 18 and 27 (X 103)M r. Proteins in this lower molecular weight range include the ribosomal proteins (Lastick & McConkey, 1976) . Their decrease may reflect the loss of polyribosomes from the C S K F at the higher concentration of CD (described below).
CD releases polyribosomes from the C SK F and inhibits protein synthesis
Although CD does not change the protein composition of the C S K fraction, high levels of the drug do dissociate polyribosomes from the cytoskeletal framework. To show this, H eLa cell RNA was labelled for 12 h with [3H]uridine. The cells were then exposed to CD for 30min and the polyribosomes prepared. Fig. 3 shows the resulting polyribosome profiles and their partition between the SO L and C S K fractions. Fig. 3A shows that greater than 97 % of the polyribosomes are bound to the cytoskeleton framework. This value is in agreement with previous results (Cervera et al. 1981; Lenk et al. 1977) . Polyribosomes from cells exposed to 8 /ig m P 1 CD are shown in Fig. 3B . This concentration of CD inhibits protein synthesis by approximately 50% . The amount of polyribosomes is also reduced by 50 % at this drug concentration. Although reduced in amount, the size (or sedi mentation distribution) of the polyribosomes that remain associated with the C S K F is unchanged by CD. Few, if any, other inhibitors of protein synthesis produce this type of polyribosome sedimentation distribution (Vazquez, 1979) .
Previous results suggested that polyribosomes are linked to the cytoskeletal framework by their mRNA (Cervera et al. 1981; Lenk et al. 1977) . Other exper iments showed that mRNA not bound to the C S K F is also not translated. Taken together, these observations suggested that the binding of mRNA to the C S K F may be obligatory for its translation. The experiments presented here show that CD releases portion of the polyribosomes from the C S K F and removes a fraction of the m RNA from translation. The remaining polyribosomes are associated with the C S K F evidently function normally. This phenomenon could be explained if CD released a portion of mRNA from the C S K F and this ceased functioning while the mRNA remaining bound continued to be translated. This hypothesis is supported by the findings described below in which the release of mRNA from the cytoskeletal framework is shown to parallel closely the inhibition of protein synthesis.
Distribution of mRNA
When the distribution of poly(A)+ mRNA was measured using incorporation of [3H]uridine or selection by poly(U) hybridization (Ornelles et al. 1986 ), approxi mately 75 % of the mRNA was found associated with the cytoskeletal framework in control cells. The remaining 25 % of poly(A) RNA was in the SO L fraction and was not associated with polyribosomes. Cytochalasin D displaces mRNA from the cytoskeletal framework in a dose-dependent manner (Ornelles et al. 1986 ). The amount of mRNA released closely parallels the inhibition of protein synthesis. The data from several experiments are summarized in the bar graph in Fig. 4 . At each dose, the proportion of poly(A) retained on the C S K F corresponds to the level of protein synthesis remaining. These data, together with the normal sedimentation profile of the polyribosomes that remain associated with the C S K F , imply that the inhibition of protein synthesis induced by cytochalasin D may be the direct result of the release of m R N A from the cytoskeletal framework.
The experiments described here support the hypothesis that CD inhibits protein synthesis by disrupting the association between m RN A and the cytoskeletal frame work. It was of interest to examine what effect the drug would have on protein synthesis in a cell that has no apparent cytoskeletal framework (Rifkind et al. 1969) . T he effect of C D on protein synthesis in intact rabbit reticulocytes was determined. Reticulocytes were prepared from anaemic rabbits and used within 16 h of isolation at which time more than 99 % of the cells excluded Trypan Blue. The reticulocytes were washed in P B S and diluted in serum-free M EM with 1/10 the normal amount of methionine and the cells were pulse-labelled with [3;iS] methionine after a 30-min exposure to the drug. Suspension-cultured H eLa cells were treated in a similar manner. Fig. 5 shows the acid-precipitable radioactivity expressed as a percentage of the untreated culture in the two cell types. H eLa cells show the expected inhibition of protein synthesis. In contrast, the rabbit reticulocytes show no detectable inhibition of protein synthesis over the range of concentrations of CD tested. T h e inhibition of protein synthesis represented at each concen tration indicated is obtain ed from th e best fit of a d o se-resp o n se curve (O rnelles et al. 1986 ). T h e % poly(A )+ R N A retained is expressed as % of th e cytoplasm ic poly(A ) + retained on th e cytoskeletal fram ew ork in u n treated cells. T h e S.E.M . for each group is indicated (0 /ig m l-1 , n = 7; 4 ,ag m l-1 , n = 4; 1 6 f< g m P 1, n = 3; 64,ttgm l_1, n = 5).
H eteronuclear R N A is associated with the nuclear m atrix
described above. T h e solubilized proteins are largely from the cytoplasm and constitute a unique subset of cellular proteins (Fey et al. 1986) . Few proteins in this fraction are shared with the remaining nuclear fractions described below. T he intermediate filaments remain associated with both intact nuclei and extracted matrix preparations.
R em oval o f chromatin from the nucleus
D N A and the associated chromatin proteins are separated from the nuclear matrix using conditions that preserve the stability of R N P complexes (Beyer et al. 1977) . Our experiments show that high ionic strength (2M -NaCl), often used to remove histones prior to digestion of chromatin, significantly alters the interior nuclear morphology (Fey et al. 1986 ). In the experiments described here, chromatin is first digested with purified D N ase I in physiological buffer (lOOmM-NaCl, 10 mM-P IP E S , p H 6-8, 3 m M -M gC y. T he nuclease cuts the D N A between the nucleosomes and chromatin is eluted as D N A-nucleosom e complexes after the addition of 0-25 M-ammonium sulphate. Vanadyl adenosine is present to inhibit ribonuclease activity and prevent hnRN A degradation. T h is chromatin fraction contains 94% of the D N A , greater than 95% of the histones and 70% of the non-histone nuclear proteins (T able 2).
T o follow the partition of histones during fractionation, H eLa cells were labelled for 2 h with [3H]lysine and fractionated. T he lysine-labelled nuclear proteins were analysed on a 15 % polyacrylamide gel. T he electrophoretogram in Fig. 6 shows that CD concentration (;ig ml ') 
H eL a pro tein synthesis (O ------O ); reticulocyte p rotein synthesis ( □ -------□ ).
the first exposure to ammonium sulphate, prior to digestion with D N ase, releases histone H I but the core histones remain with the nucleus. Subsequent elution with 0-25 M-ammonium sulphate after the D N ase I digestion releases > 9 5 % of the core histones in the chromatin fraction. 
T able 2. D istribution (%) o f nuclear components after fractionation
Proteins o f the nuclear R N P complex
T he R N P filaments of the matrix are an important component of matrix architecture. A brief digestion of the RNP-containing matrix with RN ase A removes 97 % of the hnRN A (T able 2). Consequently, proteins associated with the matrix by R N A are released quantitatively. These proteins, referred to here as nuclear RN P, comprise about 4 % of the total nuclear protein ( Table 2) . Fig. 7A shows a two-dimensional gel electrophoretogram of proteins from the nuclear R N P fraction. T he gel has about 30 major protein spots that are pre dominantly greater than 3 0 x l 0 3M r and have a wide range of isoelectric points. Fig. 7 . C om parison of proteins released by treatm en t with R N ase w ith h n R N P proteins obtained from a standard p reparation. H eL a nuclear proteins released by treatm en t w ith R N ase (A) w ere obtained as described for Fig. 2 . h n R N P complexes (B) w ere isolated according to th e m ethod of Pederson (1974) . Proteins (2 0 0 c tsm in _1, X lO -3 /fractio n ) w ere separated by tw o-dim ensional gel electrophoresis (O 'F arrell, 1975) . T h e nuclear R N P s (A) w ere com pared w ith proteins obtained from a preparation of h n R N P obtained after sucrose g rad ien t separation of a nuclear sonicate (B). Proteins in th e nuclear R N P fractions (A) th a t are com m on to the h n R N P fraction (B) are indicated by circles. A m ajority of pro tein s observed in the h n R N P fraction are also com ponents of th e RNAcontaining nuclear m atrix.
These ribonucleoproteins were compared with those in the nuclear RNP preparation described by Pederson (1974) . Ribonucleoprotein particles were prepared from labelled nuclei by sonication. The particles were purified by sedimentation in a sucrose density gradient and proteins were analysed by two-dimensional gel electro phoresis (Fig. 7B) . The proteins of the Pederson RNP particle mostly have Mr values greater than 30X103. More than 90 % of the Pederson proteins are the same as the RNP proteins obtained here (Fig. 7A) .
Electron microscopy of the nuclear matrix preparations
The morphology of the nucleus at different steps in the fractionation was examined using transmission electron microscopy (TEM ) of unembedded sections (Capco et al. 1984) . Fig. 8 shows the resinless-section images of the three nuclear preparations described here. Fig. 8A shows the nucleus of the cytoskeletal frame work, Fig. 8B the structure of the RNP-containing nuclear matrix and Fig. 8C the nuclear matrix after the removal of nuclear RNP.
The embeddment-free image of cytoskeletal framework (Fig. 8A ) clearly shows the protein filament networks of the cytoplasm and nucleus. Networks of fine fila ments extend throughout the nucleus and terminate at the nuclear lamina (arrows; Fig. 8A ). Filamentous structures are visible in the diffuse regions of euchromatin and are continuous with the perichromatin filaments. These nuclear components probably correspond to the RNP structures previously suggested by differential nuclear staining (Fakan & Bernhard, 1971; Fakan et al. 1976; Puvion & Bernhard, 1975) .
Morphology of the RNP-containing nuclear matrix
After digestion with DNase I and elution with 0-25M-ammonium sulphate, the nuclear matrix is obtained almost free of chromatin. Most of the hnRNA (76%) remains tightly associated with the nuclear matrix (Table 1 ). Fig. 8B shows the morphology of the RNP-containing nuclear matrix in a resinless section. This image offers a clear view of the structures inside the nucleus after the chromatin has been removed. The section is thin (0-2¡XM) compared to the HeLa cell nucleus (10 jUM ), s o that few sections include the dense nuclear lamina. Fig. 8B shows the interior of the RNP-containing nuclear matrix to be rich in filament networks. A set of 10 nm filaments exterior to the nuclear lamina boundary (/) are probably intermediate filaments of vimentin and cytokeratin (Franke et al. 1979 ). The stereoscopic view in Fig. 9 shows that these filaments terminate directly on the surface of the nuclear lamina.
The interior region of the RNP-containing nuclear matrix is filled with an anastomosing network of filaments. Dense clusters of electron-opaque 25-30 nm granules, associated with the fibres, are now visible (p, Fig. 8B ). These 25-30nm granules correspond in size to the RNP particles described by Beyer et al. (1977) , Pederson & Davis (1980) , Pullman & Martin (1983) and Samarina et al. (1968) . The nucleoli (nu, Fig. 8B ) are large, dense bodies enmeshed in the nuclear matrix filaments. Some empty regions appear in the matrix fibre network, which may result from tearing during sectioning.
Altered morphology of the RNP-depleted nuclear matrix (NM-IF)
Digestion of the RNP-containing nuclear matrix with RNase A removes the RNP components of the nucleus and leaves the nuclear matrix with the associated intermediate filaments. We have previously designated this structure the nuclear matrix-intermediate filament (N M -IF ) scaffold (Fey & Penman, 1984 , 1986 Fey et al. 1984) to denote the apparent role of the intermediate filaments in tissue architecture. Removing the nuclear RNA greatly alters interior matrix morphology. Fig. 8C shows the RNP-depleted matrix (or NM-IF scaffold). Intermediate fila ments remain associated with the cytoplasmic face of the nuclear lamina (arrows). Fig. 8C shows the resinless-section image of the RNP-depleted nuclear matrix. The morphology is greatly altered from the RNP-containing nuclear matrix in Fig. 8B . Removal of hnRNP results in marked distortion of overall nuclear shape. Few dense aggregates replace the interior network of 20-30 nm filaments. Many of the 20-30 nm granules of the interior fibres of the RNP-matrix have been removed by the digestion, suggesting that they contain RNA. The marked reorganization effected by RNase indicates a role of nuclear RNP in organizing the nuclear interior.
A powerful feature of embeddment-free electron microscopy stems from its imaging the entire contents of a sample and not just the stained surface of a section. Consequently, the resinless sections offer striking stereoscopic views of three dimensional organization that can be obtained in no other way. Fig. 9 shows a stereoscopic micrograph of a 0-2 fim section of the RNP-containing matrix taken at 5° ( ± ) tilt angles. The stereoscopy shows the lamina (I) to be a spherical shell with cytoplasmic filaments fibres terminating throughout its exterior surface. The nuclear Fig. 8 . T E M comparing fractionated H eLa nuclei in unembedded resin-free sections. Nuclei obtained after extraction with Triton X-100 (A), RNA-containing nuclear matrices (B), and RNA-depleted nuclear matrices (C) were prepared as described by Fey et al. (1986) . Nuclear preparations were fixed in glutaraldehyde, postfixed in OsC>4 and embedded in the removable embedding compound diethylene glycol distearate (D G D ). A. The organization of chromatin is seen after extraction with Triton X-100. The retention of differentiated regions of heterochromatin (h), euchromatin (e) and nucleoli (nu) is observed in this section. Detail of filaments in the perichromatinic space (p) and the association of cytoplasmic filaments with the nuclear lamina (arrows) are also observed. B. Chromatin and associated proteins were removed as described, and the resulting RNP-containing nuclear matrix revealed a dense interior matrix of fibres (f) that extends throughout the nucleus, forming continuous associations between nucleoli and the nuclear lamina (/). Cytoplasmic filaments were again observed in association with the nuelear lamina (arrows). C. Nuclear RNA was removed with RNase A and the RNAdepleted nuclear matrices were examined as above. The RNP-depleted nuclear matrices display a distortion of nuclear shape. The interior of the nuclear matrix, after digestion with ribonuclease, is composed of large filament aggregates (fa). These structures are larger than the filaments (f) seen in (B). These aggregates appear condensed and fragmented. Both the loss of gross nuclear shape and the distortion of the interior by digestion with RNase suggest that RNA is an important structural component of the nucleus. Unembedded sections are 0-2 fmi thick. Bars, 1-0 Mm. Fig. 9 . Stereo transm ission electron m icrograph of the R N A -depleted nuclear m atrix. Sections (0-2 ¡um thick) of R N A -depleted nuclear m atrix were exam ined in stereo (total tilt 10°, ± 5°). A lthough there is distortion of th e stru ctu re of the nuclear in th e N M -I F preparation, m any aspects of three-dim ensional cellular organization are retained. T h e lam ina (/) retain s an interaction w ith the system of cytoplasm ic filam ents (arrow ) th a t has a regularity in th ree dim ensions observed in th e R N P -m a trix stru ctu re (Fig. 6) . T h e filam ent aggregates inside th e nucleus ( /) show little stru ctu ral regularity and have lost the continuity characteristic of th e filam ents in the R N P -containing nuclear m atrix. See interior contains a dense nucleolus (n u ) held apparently suspended in position by a dense network of matrix filaments.
D IS C U S S I O N
In this report, we examine the association of RN A with the non-membranous structural elements of the cell. In the cytoplasmic space m R N A molecules, in the form of polyribosomes, are quantitatively (> 9 7 %) associated with the cytoskeletal framework. Inside the nucleus greater than 75 % of the hnRNA is associated with the nuclear matrix after removal of 94 % of the chromatin. Both of these interactions may be of considerable biological significance. T he association of polyribosomes with the C S K F may be necessary for translation (Cervera et al. 1981) . T he association of hnR N A with the nuclear matrix may be necessary for transcription (Jackson et al. 1981) . A population of hnRN A molecules may also play a structural role in the organization of chromatin domains in differentiated nuclei.
Cytochalasin D was used to probe the interaction of polyribosomes with the C S K F . T he release of m R N A from the C S K F by CD is used to probe this interaction. At sufficiently high concentrations, CD inhibits protein synthesis in an unusual manner. CD reduces the amount of polyribosomes in proportion to the degree of inhibition. The remaining polyribosomes, which retain an association with the C S K F , are unaltered in their sedimentation distribution. This pattern of inhibition could not result from simple lesions in initiation or elongation that lead to altered polyribosome distributions (Vazquez, 1979) . The results are consistent with a model where, in the presence of CD , a portion of the mRNA molecules is withdrawn from active translation. In parallel with this withdrawal from translation, the m RNA molecules are released from the C S K F to the soluble phase. The mRNAs released from the C S K F cease translation while the mRNA remaining bound to the C S K F translates normally. Since a number of investigators have shown that re moving the ribosomes from the mRNA by a variety of means does not release mRNA from the C S K F (Bonneau et al. 1985; Cervera et al. 1981; Howe & Hershey, 1984; van Venrooij et al. 1981) , the release of these molecules is probably prior to and not a consequence of the cessation of translation. A likely interpretation of the results is that freeing mRNA from the C S K F removes it from translation.
CD is an effective but unusual inhibitor of protein synthesis. The inhibition becomes noticeable at concentrations just above those commonly used to alter cell morphology. The polyribosome profiles in Fig. 3 show the unusual mode of protein synthesis inhibition. The polyribosomes in cytochalasin-D-treated cells are reduced in amount but exhibit a normal sedimentation distribution. The reduction of polyribosome mass closely parallels the reduction in protein synthesis (Fig. 3,  Fig. 4 ). This implies that the remnant polyribosomes, which remain associated with the C S K F , are functioning at near normal rates. Few, if any, inhibitors have this effect on the protein-synthetic machinery. Inhibitors of initiation decrease the average polyribosome size while inhibitors of elongation reduce the rate of protein synthesis without a concomitant reduction in polyribosome mass (Vazquez, 1979) . In both cases the number of active mRNA molecules does not change. The cessation of mRNA function accompanies, and may be the result of, release from the C S K F .
CD does not appear to affect directly the components of protein-synthetic system. It has no effect when added to an initiating reticulocyte in vitro system. This suggests that the drug does not act at the level of initiation and elongation, and is in agreement with the normal polyribosome sedimentation distribution obtained in the presence of the drug (Fig. 3) . The reticulocyte seems to have little cytostructure and its poly ribosomes are distributed uniformly throughout the cytoplasm (Rifkind et al. 1969) . It seems likely that there is no cytoskeletal role in vivo for the highly specialized protein synthesis of the reticulocyte. The data in Fig. 5 are consistent with this hypothesis. Levels of cytochalasin D that strongly inhibit HeLa cells have no effect on protein synthesis in the intact reticulocyte. The results are consistent with the proposal that in cells with a cytoskeletal-associated protein-synthetic system, mRNA binding to the C S K F is necessary, though clearly not sufficient, for translation.
The nature and purpose of the association of protein synthesis with structural elements of the cell remain unknown. There may be several reasons for the association of mRNA with the C S K F . The seemingly obligatory binding of mRNA for translation may reflect a need for positioning the molecule near appropriate initiation (Howe & Hershey, 1984) or other regulatory factors, including the capbinding protein (Zumbe et al. 1982) and high molecular weight aminoacyl-tRNA synthetase complexes (Mirande et al. 1985) . The binding of mRNA may also have a topographical significance. Such localization may be important for the placement of protein products at the cellular level (Capco & Jackie, 1982; Fulton & Wan, 1983) .
The interaction of hnRNA with the nuclear matrix is not well characterized at the molecular level. The experiments described in Fig. 7 suggest that the proteins associated with the hnRNA are a distinct subset of nuclear non-histone proteins. These proteins correspond closely to the proteins in the hnRNP complex described by Pederson (1974) . Removal of the hnRNA and associated proteins from the nuclear matrix after digestion with RNase A results in a dramatic loss of the fibrillogranular organization of the nuclear interior (Fig. 7) . We propose that some of hnRNA transcripts may function solely as components of the nuclear matrix and have no function as mRNA precursors. This hypothesis is supported by the obser vations of Darnell and coworkers (Salditt-Georgieff et al. 1981; Salditt-Georgieff & Darnell, 1982) . In these studies, 50-75% of the primary nuclear RNA transcripts were shown not to appear as mRNA molecules. The sequence composition of the non-message hnRNA transcripts is under investigation.
We gratefully acknowledge the expertise and patience of Gabriella Krochmalnic with the electron microscopy.
T his work was supported by grants from the National Institutes of Health, CA 08416 and CA 37330, and from the National Science Foundation, DCB 8309334. During part of this work, D .A .O . was the recipient of a National Science Foundation fellowship. J . Ultrastruct. Res. 27, [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] . B e r n h a r d , W. & G r a n b o u l a n , N . (1963) . The fine structure of the cancer cell nucleus. E xpl Cell Res. Suppl. 9, . B e y e r , A . L . , C h r is t e n s e n , M . E ., Wa l k e r , B . W. & L e S t o u r g e o n , W. M . (1977) .
Identification and characterization of the packaging proteins of core 40S hnRNP particles. Cell 11, 127-138. B o n n e a u , A. M ., D a r v e a u , A. & S o n e n b e r g , N. (1985) . Effect of viral-infection on host protein synthesis and messenger-RNA association with the cytoplasmic cytoskeletal structure. Plenum. F e y , E. G ., W a n , K . M. & P e n m a n , S . (1984) . Epithelial cytoskeletal framework and nuclear matrix-intermediate filament scaffold: Three-dimensional organization and protein compo sition. J . Cell Biol. 98, 1973 Biol. 98, -1984 
